The interrelationship of selenium and vitamin E and their roles in animal nutri tion has been of interest for several years (Schultze, '60 ). Since there is consider able evidence that vitamin E functions as an in vivo lipid antioxidant, the possibility that selenium functions by a similar mechanism was naturally considered. Very powerful selenium antioxidants are known,2 and hence it is theoretically pos sible that selenium could form active lipid antioxidants even though fed at the very low level of 0.1 ppm. Zalkin et al. ('60) showed that dietary selenite inhibited in vivo and in vitro lipid peroxidation in the vitamin E-deficient chick. Antioxygenic activity was found for various organic selenium compounds in model systems. Bieri ('61) and Bieri et al. ('61) reported that the addition of 0.14 to 1.4 ppm selenium to a vitamin Edeficient diet of chickens significantly re duced in vitro thiobarbituric acid values in homogenates of liver, kidney, and heart tissue. On the basis of this evidence and the known incorporation of selenium into tissue proteins, both groups suggested that dietary selenite formed lipid antioxi dants, probably selenoamino acids and selenoproteins, in the animal. Olcott et al. ('61) showed that selenomethionine is a stronger lipid antioxidant than methionine and that it decomposes lipid peroxides.
Selenium enters the sulfur metabolic pathway and is incorporated into proteins. For example, selenium in corporation into cytochrome c has been demonstrated by McConnell and Dallam ('62) . In a study of the distribution of selenium in swine, Buescher et al. ('61) observed the kidney to reach the highest concentration when the liver contained the largest total of the 17 tissues sampled.
The purpose of this study was to deter mine whether liver and kidney selenopro teins possess antioxidants activity. Anti oxidant activity is conveniently evaluated using reaction systems consisting of emul sified unsaturated lipid in aqueous buffer with hematin compounds as catalyst. In studies of vitamin E action the similarities of these reaction systems and animal tis sues undergoing lipid peroxidation have been demonstrated (Tappel et al., '61; Lew and Tappel, '56) .
EXPERIMENTAL
Animals received a nutritionally ade quate basal diet supplemented with high but sub-toxic levels of selenite or selenate, as indicated in table 1.
High levels of selenium were fed for the biosynthesis of selenoproteins in amounts sufficient for fractionation and critical evaluation of antioxidant activity. The stock diets were nutritionally ade quate in selenium and the control animals had sufficient selenium in their kidney and liver (table 1) .
Groups of 5 mature, Sprague-Dawley strain, male rats were fed pulverized com mercial laboratory chow,3 with feed and water given ad libitum. Liver and kidney tissues from each group were pooled and stored frozen. Groups of 4, mixed cross breed chickens received pulverized com mercial growing mash. The kidney and liver were obtained from three mature ewes4 that had received a basal alfalfa hay Lipid-free tissue fractions were pre pared by repeated extractions of the tis sue with chloroform-methanol followed by acetone. Purer protein fractions were ob tained when these were dissolved in 0.5 M KC1, precipitated from nonprotein mate rial with 5% trichloroacetic acid (TCA), centrifuged, washed with acetone and dried. Protein content was determined by the Biuret method or on acid hydrolyzed protein by the ninhydrin method of Troll and Cannan ('53) . Yield of dry protein varied from 14 to 20%. Selenium con tents were determined by the method of Handley and Johnson ('59) with minor modifications.
Oxygen absorption was measured manometrically at 37.7Â°C using 6-ml reaction vessels, an oxygen atmosphere, and mer cury manometers.
The reaction system consisted of 50 mg of dry tissue protein fraction, 0.5 ml of 33.3% linoleic acid5 emulsion in 0.1 M phosphate buffer pH 7.2, and emulsifier.6 The emulsion, pro tein, and hemoglobin were throughly mixed at the start and by rapid shaking at 180 strokes/minute during the reac tion. Results are expressed as "protective indices" (PI) which are the ratios of the oxygen consumption of the control tissue fraction to that of the selenium tissue fraction.
Polarographic measurement of oxygen consumption was made by use of an oxy gen electrode (Hamilton and Tappel, '63 Fig. 1 Comparison of oxygen absorption of control and selenium-containing tissue frac tions. A, control rat kidney, fraction 4, and selenite rat kidney, fraction 6; B, control chicken liver, fraction 10, and selenate chicken liver, fraction 11; C, control sheep kidney, fraction 7, and selenate sheep kidney, fraction 8; and D, control sheep kidney, fraction 7, and selenate sheep kidney, fraction 8, both with 1 X 10~4 M hemoglobin added. selenium compounds (table 1) . The liver tissue fractions of two of the animals con tained relatively high levels of antioxidant activity. These three groups of animals exhibit different nutritional responses to extremely low as well as high levels of dietary selenium. Liver and kidney tissue are good sources of "Factor 3-selenium" (Schwarz, '61 ).
It appears likely that the antioxidant activity resides in selenoproteins since 82 to 100% of the tissue fractions are pro teins. Additionally, a purified protein frac tion contained a major fraction of the selenium and much of the antioxidant ac tivity. The data in table 1 do not show any obvious relationship between antioxidant activity and selenium content of the tis sue fractions. It is possible that only a portion of the selenium exists as a highly active compound or complex. Also, some of the protein in these fractions is in soluble in water and buffer and hence would exert little antioxidant effect.
Concentration of peroxides in the linoleate after manometric measurement of antioxidant activity was determined by the iodometric method and found to correlate with total oxygen absorption. There was no evidence for strong peroxide decomposi tion by the selenium antioxidants.
Polarographic measurement of antioxi dant activity.
The antioxidant activ ities of certain chicken and sheep kidney and liver tissue protein fractions were measured by a polarographic method. Some typical reaction curves are shown in figure 2 .
Curves for the blank and control tissue systems are similar in shape and mag nitude. Control tissue fractions consume oxygen at a more rapid rate than do the selenium tissue fractions throughout the experimental period. A twofold increase in the amount of tissue fraction does not markedly affect the oxidation rate of the control but greatly decreases that of the selenium tissue. The time required for reaction of 90% of the dissolved oxygen increases from 168 sec for 20 mg of tissue fraction to 275 sec for 50 mg. The differ ences in rate of oxygen uptake, between the control and selenium tissue fraction, become greater during the duration of the polarographic period and exist for several hours as is evident from manometric measurements shown in figure 1. This reaction system is a strongly oxidiz ing one that probably minimizes the antioxidant effects of a weak antioxidant such as the control tissue fraction that con tains from 0.2 to 0.5 ppm of selenium.
The results obtained by the polaro graphic method are shown in table 2. It should be emphasized that the concentra tion of tissue fraction in the reaction sys tem for polarographic determination is less than that present in the system used for the manometric determination. In the manometric determination the reaction system is 9% by weight of tissue fraction, whereas in the polarographic determina tion the reaction system is approximately 0.5 to 1% soluble tissue fraction. The polarographic method measures the anti oxidant effect during the first few min utes of the reaction whereas the mano metric technique measures the oxygen consumption for 10 hours.
The protective index (table 2) of 10 mg/ml of the acid-hydrolyzed selenate chick kidney fraction is higher than that for 20 mg/ml of the original fraction. This indicates that the antioxidant activ ity is increased by solubilizing more of the selenium compounds or changing the original compounds or complexes into a more active form. It is possible that the compounds or complexes exerting the anti oxidant effect of our hydrolyzed chicken kidney fraction are similar to the "Fac tor 3-selenium" of Schwarz ('61) since it was prepared in the same manner as "Factor 3."
Polarographic studies indicate that a concentration of 1 X 10~3 M (2 pinoles) a-tocopherol exerts approximately the same antioxidant effect as the soluble ex tract of 20 mg of the selenium animal tis sue fraction containing approximately 15 ppm selenium (4 X IO"3 umoles). Assum ing that all of the active selenium com pounds are soluble and contain 1 Se atom each, the relative effectiveness of selenium to a-tocopherol on a molar basis is 500 to 1. This indicates a very powerful biolog ical antioxidant.
Effect of hemoglobin addition to the re actions measured manometrically. As myoglobin and hemoglobin are known u, be powerful biocatalysts for lipid peroxidation and as the amounts present in tis sue fractions probably varied within rather wide limits, excess of hemoglobin was added to some of the reaction systems to test whether differences in amount of these catalysts influenced our results. Ad dition of hemoglobin usually increased oxy- It should be emphasized that the pres ence of relatively large amounts of either the lipid or hemoglobin or both can over power a weak antioxidant but exert little effect upon these strong selenium antioxidants.
Effect of adding known antioxidants. The effect of the addition of known amounts of weak antioxidants to both the control and selenium tissue fractions was investigated; the data are presented in table 4.
The protective index was usually some what lower in the presence of ascorbic acid or a-tocopherol. When both ascorbic acid and glutathione were added to the system the protective index was much lower. The action of added glutathione might be related to selenite catalysis of the oxidation of glutathione and other sulfhydryl compounds (Tsen and Tappel, '58) . These results indicate that these antioxidants and selenium antioxidants function independently.
Antioxidant activity of tissue protein fractions.
Results previously discussed indicate that the selenium sheep kidney fraction has the highest selenium content and possesses the greatest antioxidant ac tivity. To provide further evidence of the intimate relationship between the selenoprotein content and antioxidant activity, a KCl-soluble, TCA-precipitated protein fraction was prepared from the control and selenium kidney tissue fractions (table 5) .
These protein fractions, numbers 19 and 20, had a higher protein content and also a higher selenium content than the insoluble residue; however, the selenium content of each was less than that of the original fraction. This indicates that some of the selenium remained in the proteinfree supernatant and was discarded. No attempt was made to determine the selen ium content or antioxidant activity of this supernatant. The protein fraction 20 con tains much of the antioxidant activity. Antioxidant activity was also found in the insoluble residue fraction 22. The antioxidant activity of the purified pro tein is exhibited when hemoglobin alone or with a-tocopherol is added to the sys tem. The possible synergistic action of the selenoprotein fractions and a-tocoph erol will be discussed later. That antioxi dant activity can be extracted by a known protein solvent and precipitated by a recognized protein precipitant to yield a protein fraction which exhibits high anti oxidant activity is important. Since this protein fraction contains a fairly high con tent of selenium, the results indicate that of a-tocopherol addition to the model sysAntioxidant activity of a-tocopherol and tern containing either control or selenium other substances.
The tocopherols have tissue fractions was also investigated, been shown by Lew and Tappel ('56) and
The results in table 6 indicate that addiTappel et al. ('61) to be weak antioxidants tion of 1 X 10"' M to 2 X 10" M a-tocophwhen added to in vitro model systems, eroi to the caseinate or tissue protein gives As the principal role of vitamin E in approximately the same PI (1.3 to 1.6) as animal nutrition is that of an in vivo the mean PI of the selenium protein fracantioxidaiit, direct comparisons of the tions (tables 1 and 3) . selenium antioxidants studied here with
Comparing the antioxidant activity of a-tocopherol is important. To more closely the selenium present in the tissue frac-tions with a-tocopherol indicates that on a molar basis it possesses 50 to 100 times the antioxidant activity of a-tocopherol.
It is appropriate to compare the anti oxidant activities determined by both polarographic and manometric methods with the known biological effectiveness of dietary selenium compounds and their deposition in animal tissue. As a dietary component selenium fed as selenite is 500 to 1000 times as active as a-tocopherol on a weight basis in prevention of exudative diathesis in the chick (Schwarz et al., '57) . On a mole basis it is up to 200 times as active. Similarly for liver necrosis in the rat, selenium is 500 times as active as a-tocopherol on a weight basis or 100 times on a mole basis. Using the mean selenium content of lamb tissue as 2.2 ppm for kidney and 0.28 ppm for liver (Hartley and Grant, '61) and assuming an average tocopherol of 10 ppm, the mole ratios of selenium to tocopherol are 1:1 for kidney and 1:6 for liver. Other com parisons (Zalkin et al., '60 ) also have in dicated that selenium and tocopherol are deposited in comparable amounts with ratios of selenium :tocopherol of 1:3 to 1:10. These comparisons indicate that the selenium antioxidants studied here have more than sufficient activity com pared with tocopherol (50 to 500 times) to account for the quantitative differences in dietary requirements and tissue con tents.
Synergistic action between selenium and a-tocopherol. Since both selenium and vitamin E appear to function as anti oxidants, they probably have an in vivo interrelationship and may perhaps exert synergistic effects. The results of our re search to detect possible synergism of a-tocopherol and the selenium present in the animal tissue fractions are shown in table 7.
The protective index for a-tocopherol is shown by sheep tissue plus a-tocopherol. That for selenium is given by the sele nium-sheep tissue, and the protective in dex for a-tocopherol and selenium is the selenium sheep tissue plus a-tocopherol. If the value of the latter is larger than the sum of the first two, strong synergism is indicated. The results show that there is no strong synergism between a-tocoph erol and the selenium antioxidant; in only three instances was the latter value greater. Slight synergistic activity is indi cated with the purified protein fraction.
Mechanisms of selenium antioxidants. We have considered the possible mecha nisms for the selenium antioxidants both from knowledge of the analogous sulfur compounds and available information on selenium compounds. The main possi bility indicated in this research is that 
the hydroperoxyl radical, ROO', is a prop agating agent and because of the fast re action of R' with O2it is the major radical present in the steady state. Selenium compounds of the general types R'SeH and R'SeR', could react to remove this radical:
ROO' + R'SeR' -Â»R'SeR' + ROH + ?
The R'Se' of reaction (3) should be con siderably more stable than analogous sul fur compounds and could either combine, 2R'Se"-Â» R'SeSeR'
or react with sulfur compounds which are present in larger quantity:
Other intriguing possibilities include lipid peroxide decomposition; direct evidence for this reaction comes from studies of the antioxidant properties of selenomethionine (Olcott et al., '61) : Reactions analogous to (3) (5) (6) (8) (9) are known mainly from the reactions of peroxide with thiol compounds and the analogous selenium compounds and the radiation chemistry of thiol compounds (Markakis and Tappel, '60) . Reactions analogous to (4) and (7) for organic peroxides and organic sulfides are re viewed by Barnard et al. ('61) .
To advance our knowledge of the se lenium antioxidants, their composition and mechanisms of action, more study of simpler selenium compounds such as the selenoamino acids is needed.
SUMMARY
Lipid antioxidant activity of lipid-free tissue fractions, from control and sele nium-fed chickens, rats, and sheep was studied. Animals were fed 10 or 14 ppm of selenium supplied either as sodium selenite or sodium selenate added to a nutritionally adequate basal ration. Anti oxidant activities of the tissue fractions were tested by manometric and polarographic techniques. The protein contents of the tissue fractions varied from 82 to 100% and the selenium-fed animal tissue fractions contained levels of selenium ranging from 13 to 24 ppm. Antioxidant activity expressed as protective indices varied from 1.0 to 6.0 indicating antioxi dant activity for all selenium kidney and liver fractions tested except rat liver. Kid ney fraction from sheep contained the highest antioxidant activity. Addition of hemoglobin to the manometric system in creased the total oxygen consumption but did not greatly influence the protective indices of the selenium tissue fractions. Addition of a-tocopherol to the control and selenium tissue fractions decreased the total oxygen consumption, did not greatly affect the protective indices, and appeared to exert its antioxidant effects largely in dependent of the selenium antioxidant. Antioxidant activity was shown to be as sociated with the tissue selenoproteins. Selenium antioxidants were found to pos sess 500 times the antioxidant activity of a-tocopherol by the polarographic method and 50 to 100 times in the manometric method. Synergism between a-tocopherol and the tissue selenium was not large. Mechanisms to explain the antioxidant action of selenium in the animal body are presented.
